Introduction
The benefits from the extremely high enhancement effect arising from the proximity of nanostructured metal surfaces, surface enhanced Raman scattering (SERS) have been exploited in many studies to observe trace amounts of biologically relevant molecules. [1] [2] [3] At present, SERS is the only technique available to detect a single molecule and simultaneously examine the chemical structure. 4, 5 Based on their surface plasmon polaritons, novel metal nanoclusters (e.g., gold or silver nanoparticles) provide the key effect for observing enhanced Raman signals for molecules attached to them. [6] [7] [8] [9] [10] The small size of the nanoparticles (<100 nm in diameter), combined with the highly localized probe volume inherent to SERS makes these particles useful as localized sensors. In particular, gold nanoparticles enable to a greatly reduced adsorption of molecules' fluorescence background, which has been difficult to address with conventional substrates.
Here, we report on a highly sensitive and simple spectroscopic assay that can be employed for protein detection. This approach is based on a Raman-active dye (fluorescein) labeling specific recognition event (i.e. protein A with IgG) on the surface of gold nanoparticles using standard avidin-biotin chemistry, followed by SERS detection. In a proof-of-principle experiment, we demonstrated that it is possible to selectively detect IgG down to 1 ng/ml in solution. Moreover, by carefully selecting one or more functional biomolecules, the particles could be tuned to sense a variety of biological events. And that is where further efforts should be made.
Experimental

Reagents
Protein A and IgG-biotin were obtained from Sigma (USA). Avidin, fluorescein conjugate was purchased from Invitrogen (USA). Other chemicals were of analytical grade and used as received. Milli-Q water (18.2 MW) was used in all experiments.
Gold nanopraticles preparation
Gold nanopraticles were prepared by the traditional TerleivicFvens method. 11, 12 Generally, the desired amount of 1% sodium citrate was added to 100 ml of 0.03% boiling HAuCl4, followed by stirring and refluxing for 40 min. The average diameters of the gold nanoparticles, determined by TEM, were 13 ± 2, 30 ± 3 and 60 ± 7 nm.
Protein A-gold preparation
Protein A stabilized gold nanoparticles (protein A-gold) were prepared by stirring an aqueous mixture of protein A (0.01 ml, 1 mg/ml) and citrate-stabilized gold nanoparticles (8 ml, 5.0 ¥ 10 -10 M) for 1 min, followed by adding 25 ml of 1% PEG (molecular weight 6000) per 1 ml of gold nanoparticles, and stirring for an additional 5 min. Excess protein was removed by repeated centrifugation at 13000 rpm (16100g, 3¥) using a Eppendorf centrifuge (Hamburg, Germany), and re-suspension in PBS buffer containing 1% PEG. The material was then stored at 4˚C.
Protein A-gold and IgG-biotin binding procedure
For obtaining a protein A-gold-IgG conjugate, protein A-gold was mixed with an appropriate volume of IgG-biotin, incubated at 37˚C for 1 h. Excess IgG-biotin was removed by repeated centrifugation at 13000 rpm (16100g, 3¥), and re-suspension in PBS buffer. In the present work, a sensitive spectroscopic assay based on surface-enhanced Raman spectroscopy (SERS) using gold nanoparticles as substrates was developed for the rapid detection protein-protein interactions. Detection is achieved by specific binding biotin-modification antibodies with protein-stabilized 30 nm gold nanoparticles, followed by the attachment of avidin-modification Raman-active dyes. As a proof-of-principle experiment, a well-known biomolecular recognition system, IgG with protein A, was chosen to establish this new spectroscopic assay. Highly selective recognition of IgG down to 1 ng/ml in solution has been demonstrated. 
Gold
Protein A-gold-IgG-biotin-avidin-fluorescein binding procedure
Protein A-gold-IgG-biotin was mixed with an appropriate volume of avidin-fluorescein, incubated at 37˚C for 1 h; then, excess avidin-fluorescein was removed by repeated centrifugation, as previously described in concerning protein A-gold and the IgG-biotin binding procedure.
Instrumentation
SERS spectra were recorded with a Renishaw 2000 (Gloucestershire, UK) equipped with an Ar + ion laser with a CCD detector. All spectra were collected with an excitation line at 514 nm with a 20-s accumulation time, and 10 mw incident power. UV-visible spectra were obtained with a Cary 500 scan UV-vis-NIR spectrophotometer (Varian, Inc., USA). Dynamic light scattering (DLS) measurements were carried out with a Zetasizer Nano ZS (Malvern, UK) instrument equipped with a 1-cm optical-path cell. Each sample was analyzed three times. Transmission electron microscopy (TEM) measurements were made on a JEOL 2000FX transmission electron microscope operated at an accelerating voltage of 200 kV.
Results and Discussion
Preparation of the SERS-active system
In the present work, gold nanoparticles were used as SERS substrates. They not only offered a "rough surface", but also quenched the adsorbed molecules' background fluorescence. The preparation steps of the SERS-active system are shown in Fig. 1 . At first, protein A stabilized gold nanoparticles (protein A-gold) were prepared. After recognition of the immobilized protein A by a biotinylated antibody (i.e., IgG-biotin), avidinconjugated fluorescein was used to label the recognition event.
To detect specific protein-protein (here, antibody-antigen) interactions on the assay, protein A was immobilized on the particles' surface to be reacted with mouse IgG, which were chosen for their well-known specificities. Also, the IgG antibodies were able to react with antigens (e.g. protein A) on the plasma membranes of many types of cells to trigger various inflammatory and protective processes. The effect of the gold nanoparticles' sizes with regards to the SERS intensity was investigated since the size of nanoparticles plays a critical role for good signal detection. [13] [14] [15] [16] We found that the detection sensitivity and dynamic range were critically related to the size of the particles. The SERS signal increased with increasing the size of the particles (Fig. 2) . No signal could be detected using small (<13 nm) gold nanoparticles as a substrate. However, the stability of the protein A-gold nanoparticle decreased with increasing the size of the particles, which reduced the sensitivity and the dynamic range. With an optimum size of ~30 nm, a relatively higher signal-to-background noise and wide dynamic range could be achieved. We used the optimal size to generate all of the results obtained in this study.
UV-visible absorption spectra
The UV-visible spectra of gold nanoparticles (a), protein Agold (b), protein A-gold-IgG-biotin (c) and proteinA-gold-IgGbiotin-avidin-fluorescein conjugates (d) are shown in Fig. 3A . The spectra show a slightly broadened plasmon band, which is red-shifted from 525 to 527 nm after having stabilized the gold nanoparticles with protein A, and continuing to be red-shifted to 530 nm after binding the protein A-gold with IgG-biotin. A dramatic difference in the spectrum was observed after binding with avidin-fluorescein, since the plasmon band of the gold nanoparticles overlap with the absorption of fluorescein. These experimental results clearly indicated that the biomolecules had been attached to the gold nanoparticles.
Dynamic light scattering study
To further corroborate the binding processes in Fig. 1 , bulk samples were also studied using dynamic light scattering (DLS). A major advantage of DLS is that it gives a bulk measurement; provided that there is no "settling" or precipitation, the method avoids selective sampling, as can occur in TEM. As such, DLS can serve as a very useful corroboratory technique in combination with UV-visible measurements. Figure 3B shows a series of DLS spectra for the complexes shown in the UV-visible spectra (Fig. 3A) , as produced at three different binding processes. The average particle diameters determined by DLS for this sample were 33, 36, 40, and 49 nm, respectively. They give further evidence of the schematic representation of Fig. 1 .
SERS spectra
Fluorescein was chosen as a probe molecule in this study, since it has a relatively large cross section and strong Raman activity. 17 The SERS spectra of solid state fluorescein and avidin-fluorescein bound to gold nanoparticles in aqueous solution are shown in Figs. 4 and 5. Both spectra show very similar SERS features, except that the intensity of the band at 1638 cm -1 in Fig. 4 increased significantly. The band at 1183 cm -1 is due to CCH bends on the xanthene ring, and the band at 1638 cm -1 involves a xanthene ring stretch, and a symmetric CO and/or CC stretch. [18] [19] [20] The variation reflects a fluorescein molecular structure change between the solution phase and the gold nanoparticles' surface. The fluorescein easily forms a dianion structure when solid state fluorescein dissolves in an aqueous solution. Also, the structure of fluorescein changes from a less symmetric xanthena moiety with a hydroxyl group attached to one side and a carbonyl group on the other side to a symmetric xanthene ring conjugated with two identical oxygens. [21] [22] [23] The change in the molecular symmetry leads to changes in the intensities of the bands in the observed vibrational spectrum. As a control, the protein A-gold-IgGbiotin complex, or the mixture of protein A-gold with avidinfluorescein did not produce significant a SERS signal. The experimental results indicate that only binding fluorescein can give strong a SERS signal.
The detection limits of IgG in a protein-A gold solution are shown in Fig. 6 . The strong Raman lines at 1183 and 1638 cm -1 are still detectable at an IgG concentration of 1 ng/ml (shown in Fig. 6 , curve e). The intensities of the bands at 1183 and 1638 cm -1 increased linearly with the logarithm of the IgG concentration from 1 ng/ml to 1 mg/ml and began to saturate above 1 mg/ml, indicating a dynamic range of 3 orders of magnitude, as shown in Fig. 7 . These results demonstrate that the immobilized proteins retain their recognition function on the gold nanoparticles' surface and, more importantly, that any nonspecific binding of the antibodies is below the detection limit.
Conclusion
A simple gold nanoparticle-based SERS spectroscopic assay with high sensitivity for protein binding has been developed. The results indicate that the method has reasonably low detection limits for protein binding combined with a large dynamic range. These results indicate that the prospects for clinical applications of our method in monitoring antibody response to immunization is extremely promising, since a natural immune response typically yields specific IgG concentrations ranging from approximately 10 ng/mL to over 3 mg/mL.
